pmax are correlated (Leinonen et al. 2011) . The parallel evolution of distinct 105 parapatric lake-stream pairs within freshwater has made this species complex an 106 excellent system to investigate the process of ecological speciation. However, on 107 an evolutionary timescale, most studies use relatively old systems and are often 108 limited one restricted geographical area (e.g. Reimchen et al. 1985 (Kristjánsson et al. 2002b) . We thus sampled the largest 152 potential habitats in each lake (see Figure 1 and Table S1 for sampling locations). Table S1 ). Altitudinal difference and pairwise waterway distance 162 between each stream site and the inflow of the stream into the lake were 163 measured using GOOGLEEARTH (Google, USA). 164
165

Genetic analysis 166
We extracted DNA for individuals from the Marine 1 site and all freshwater sites, 167 except for Mývatn, where only one of the three stream sites (MS1) was available 168 for genetic analysis (NTotal = 727, Table S1 ). DNA was extracted using a 10% 169
Chelex solution, following the manufacturer's protocol (Biorad, California, USA). 170
In some cases, additional individuals were included for which no phenotypic data 171 was collected (Table S1 ). We amplified ten microsatellite markers in one 172 multiplex set following the protocols of Raeymaekers et al. (2007) . Three of 173 these markers (Stn26, Stn96 and Stn130) have been shown to be associated with 174 known QTLs for spine lengths (Peichel et al. 2001) . Detailed information on 175 marker identity, the multiplexing setup, and the PCR protocol are provided as 176 supplementary methods. We visualized alleles on an ABI 3130XL and scored 177 them with GENEMAPPER 4.0 (Applied Biosystems, Switzerland). We generated a 178 genetic tree-like relationship among sampling sites based on their Cavalli-Sforza 179 distances of allelic frequencies using a neighbour-joining algorithm implemented 180 in PHYLIP 3.69 (Felsenstein 2012 We measured sixteen linear morphological traits (see Figure S2 habitat were pooled if more than one site was sampled in a given lake or in a 245
given stream system to estimate the overall degree of habitat dependent 246 phenotypic divergence. We estimated the parapatric phenotypic divergence 247 using PST, an analog to QST (Spitze 1993 We calculated the leading eigenvector (pmax) of the phenotypic variance-266 covariance matrix P based on a PC analysis for each habitat and freshwater 267 system using traits that were separately size corrected for each system and the 268 marine population. For the marine populations, we pooled both sites to obtain a 269 better estimate of the putative ancestral state of stickleback. In addition, we 270 calculated the overall pmax for each freshwater system, where we pooled fish 271 from lake and stream sites. By pooling individuals from distinct populations and 272 habitats, the calculated P matrix may differ from the P matrices of each habitat 273 population as traits may covary between populations from different habitats 274 even if they do not covary within either of the populations. pmax of such overall P 275 matrices may however be compared among each other to test if parapatric 276 phenotypic divergence results in similar and hence predictable patterns. We 277 compared pmax of two P matrices by calculating the angle θ between them 278 following Schluter (1996) , where θ is the inversed cosine of the dot product of 279 two leading eigenvectors that is divided by the summed length of both 280 eigenvectors. We estimated θ between parapatric lake and stream ecotypes for 281 all ecotype pairs, between the freshwater ecotypes and our marine populations, 282 as well as between our lake-stream systems. In the latter case, we pooled all 283 populations (lake and stream) from each lake-stream system. The significance of 284 θ between pmax of all comparisons was estimated using a bootstrap procedure 285 Therefore all markers were retained for the population genetic analyses. Habitat 306 dependent parapatric genetic differentiation was highest in the Lake Geneva 307 system in Switzerland (FST = 0.053, p < 0.001), which also showed the greatest 308 differences in altitude (∆Altitude: 108 m) and distance to the lake (61 km). All 309 parapatric ecotypes except Bern (FST = 0.000, n.s.) showed genetic differentiation 310 
Historical contingency and divergence in freshwater 319
The trait based ANOVA models all explained a significant amount of phenotypic 320 variation (all p < 0.001, results not shown; Table 1 Table 2 ), whereas it was greatest in the two other Icelandic systems (Table 2) , 356 whose pmax were significantly differentiated from all other freshwater systems in 357 the pairwise comparisons (Table 3 ). In the Swiss systems, the parapatric θs were 358 significantly different from zero (Table 2) , whereas pmax did not differ among the 359 systems (Table 3) . When traits were analyzed by functional categories, the angle 360 θ between parapatric lake-stream pmax differed across traits and systems ( Figure4 , Table 2 ). θ between parapatric ecotypes differed especially for feeding related 362
traits, albeit to a small degree (average θ: 9.3° ± 2.3° SD), whereas parapatric pmax 363 differed less commonly for defense, body depth and swimming performance 364 related traits (Table 2) . pmax were furthermore comparable among lake-stream 365 systems for feeding and defense related traits as suggested by the non-significant 366 angle θ between them (Table 3) . None of the angles between parapatric ecotypes 367 were statistically correlated with the time since stickleback colonization, the 368 altitudinal difference or the geographical distance between the lake and the 369 stream populations (all p > 0.1, results not shown). 370
371
Parallel adaptation trumps historical contingency late but not early in ecotype 372
formation 373
374
Mahalanobis distances showed overall consistent morphological differentiation 375 between Swiss and Icelandic freshwater stickleback populations (Figure 2b) . 376
Despite the aforementioned evidence for consistent parapatric divergence, all 377 populations of young lake-stream pairs, i.e. Hraunsfjördur in Iceland and all the 378 Swiss systems, clustered by historical lineage rather than by ecotype. In contrast, 379 the populations from the two oldest lake systems, i.e. Mývatn and Thingvallavatn, 380 clustered strongly by ecotype despite being genetically more strongly 381 differentiated than the lineages with young lake-stream pairs (Figure 2a) . 382
383
Phenotypic divergence during the marine-freshwater transition 384
The angle θ between pmax of the different freshwater lake populations differed 385 significantly in all replicates when pooling all traits (average θ: 59.7° ± 6.5° SD; Our results suggest that the evolution of parapatric lake-stream populations in 509 stickleback can result in common and hence predictable pmax independent of theage of a system as it is indicated by the non-significant angles between the 511 overall pmax of different lake-stream systems for defense and feeding related 512 traits (Table 3) . Thus ecotype formation along parallel axes may start quickly. 513
However, although parapatric lake-stream systems share similar pmax, only a 514 relatively small fraction of the overall phenotypic variation can be attributed to 515 parallel habitat dependent differentiation (Table 1) , where the directionality of 516 parapatric divergence often differs between ecotype pairs in Switzerland and 517
Iceland and sometimes also between pairs from different lake-stream systems 518 within each country (Figure 3) . In contrast, a much larger fraction is explained by 519 the system and habitat interaction and thus the combined effect of system-520 related historical contingency and/or system-related selection with ecotypic 521 divergence ( Our results suggest that parapatric ecotype formation can result in parallel and 576 hence predictable pmax for some trait combinations, i.e. trophic morphology, but 577 that the directionality of change may differ for others due to historical 578 contingency or environmental effects. Whereas changes in the P matrix during 579 the marine-freshwater transition seem to evolve independently of our studied 580 temporal axis, both the extent and the dimensionality of parapatric ecotype 581 formation depend on the available time for evolution to occur. Thus evolutionary 582 changes towards novel adaptive peaks may occur readily during ecotype 583 formation and may be aided by phenotypic plasticity, yet convergent phenotypic 584 evolution needs time to overcome contingency. 
